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Abstract: This study estimates the minimum total cost and distributional effects among countries
transforming the car fleet in the EU to reduce emissions of carbon dioxides by 2050 by switching
from fossil fuel-driven passenger cars to hybrid and electric-driven cars. Minimum cost is estimated
using a dynamic optimization model in which costs are calculated as decreases in consumer surplus
in the demand for vehicles under given annual increases in travel demand, carbon efficiency and
technological improvement of electric cars. Distributional effects are calculated for the cost-effective
allocation of costs among the EU member states and UK. Calculations are made for different emission
reductions, and the cost for achieving a 60% reduction from the 1990 emission level ranges between
0.13% and 0.61% of the EU’s GDP depending on assumptions about development of travel demand
and carbon efficiency. The results indicate a slightly regressive allocation in most scenarios, where
the cost share is relatively high for low income countries.
Keywords: cost-effectiveness; distributional effects; GHG emission reductions; passenger cars; EU
1. Introduction
The transport sector accounts for approximately 25% of the total greenhouse gas
(GHG) emissions in the EU in 2018 [1] and light duty vehicles account for about 45% of the
emissions from transport sector [2]. In order to reduce CO2 emissions from the transport
sector, the EU has outlined a 20% reduction in emission below the 2008 level by 2030, and of
at least 60% by 2050 compared to the 1990 levels and have introduced emission standards
for new cars and vans [3]. As shown in several studies, demand for transports by car are
likely to increase because of increase in income and wealth in many EU countries (e.g., [4]).
For unchanged or increasing demand for transport by cars, climate transformation,
which is defined as reductions in CO2 emissions, can be made by increasing fuel efficiency
in cars that run on fossil fuels, by switching from fossil fuel engines to hybrid and electric
cars, and by changing transport mode to, e.g., train and public transports. The widely
used types of passenger vehicles are gasoline and diesel-powered vehicles that emit more
kg CO2/km travelled than emissions from hybrid and electric vehicles. Several studies
have shown that the emission reduction potential of changed transport mode and carbon
efficiency increase by fossil fuel cars is limited, which requires large transformation to
hybrid and electric cars to reach considerable climate targets in 2050 (e.g., [5]). The share of
hybrid and electric passenger cars is approximately 2% and 0.15% in Europe respectively in
2018 [6], and the predicted shares in 2050 are not sufficient for large emission reductions [4].
The EU policy for reducing emissions from transports and other sectors are guided by
concern of cost-effectiveness and fairness in distributional effects [3]. Cost-effectiveness
of different measures and policies has been examined in several studies, but in different
ways. One is by calculating and comparing cost per unit emission reduction for different
measures, such as speed reduction or cost of switching from fossil fuel to electric vehicle
(see Kok et al. [7] for a review). These studies do not provide information on total costs
for given emission reductions or allocation of costs among different groups. Minimum
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total cost for emission reductions has been calculated by studies using numerical partial
equilibrium models at the regional or global scale that simulate the costs of climate targets
for the transport and energy sectors (see review in Bosetti and Longden [8]). These studies
show that hybrid and electric light-duty vehicles have the potential to decrease emissions
and reduce the cost of achieving emission targets.
Concern about distributional effects of transport policies is revealed by policy making
in practice, e.g., the EU criteria for effort sharing schemes in the 2030 targets [3]. It has been
shown in the literature that regressive income distributional effects (i.e., proportionally
large welfare loss for low income actors) of climate and other policies influence the accep-
tance and thereby the implementation of climate and environmental policies (e.g., [9,10]).
Several studies have defined and measured distributional effects of carbon policies on fuel
(see review in Sterner [11]). A common result is that transport fuel polices can be costly and
regressive, i.e., that relatively low income groups pay proportionally large shares of the
policy cost. Regressive incidences are likely to impede implementation and enforcement of
policies in general, which has been demonstrated by citizens’ protests against increased
fuel taxes in, e.g., France and Sweden.
The purpose of this study is twofold, to calculate cost-effective solutions to different
emission reductions from passenger cars in the EU and UK by 2050 and to assess distribu-
tional effects of the cost allocations on the EU member states and the UK. To this end, we
apply an alternative approach compared with the studies on unit costs and policy analysis
where a dynamic optimization model is developed to minimize costs for future emissions
reductions from passenger cars by changes in the allocation of vehicles. Similar dynamic
optimization models have been applied to other sectors, such as cost-effective provision
of carbon sequestration by forests (e.g., [12,13]). The numeral model accounts for annual
exogenous chances in travel demand, carbon efficiency and prices of new vehicles. Distri-
butional effects of the cost-effective allocation of cost among countries are measured in two
ways. One is the calculation of the Suits index, which shows the existence and magnitude of
regressive or progressive outcomes and is much used in the literature (e.g., [11,14,15]). The
other is a ranking of cost burdens in relation to a country’s total income, which indicates
whether the shares are proportionally high for low income countries.
In our view, the contribution of the present study is the calculation of minimum
cost solutions for CO2 reductions from passenger cars in the EU and UK with a dynamic
optimization model and assessment of distributional effects. To the best of the author’s
knowledge there has been no study using dynamic optimization to calculate the minimum
costs of achieving the EU’s 2050 emission reductions for the transport sector. The studies
on unit cost estimates of different vehicles do not calculate minimum costs for given
emission reductions [7]. The spatial division of the models calculating minimum costs is
on large country levels and an aggregation of small countries, and they do not generate
information on costs for countries within the EU. Further, they do not allow for the cost-
effective allocation of vehicles and other measures over time and have not been used to
assess distributional effects of cost allocations. Costs and distributional effects have been
assessed by simulations of models of transport demand systems in different EU countries,
but without calculations of cost-effective solutions for achievement of common emission
reduction targets (e.g., [11,16]). Minimum costs and distributional effects of reductions in
emissions from transport fuel have been calculated for single countries (e.g., [15]), but not
in a dynamic perspective.
Simplifications are made by using the marginal abatement cost approach, which is
applied in several other studies (e.g., [17,18]). This approach considers only costs for the
sectors or actors directly affected by the emission reduction, such as decreases in profits
from reduction in the use of fossil fuel in the industry and energy producing sectors. In
the present study, car owners are directly affected by the switch from fossil fuel cars to
cars with lower emissions. Costs are then calculated as associated decreases in the car
owners’ welfare, which is measured by decreases in consumer surplus. The advantage of
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the simplicity in the cost measurement is that it allows for a dynamic optimization, which
accounts for changes in travel demand, carbon efficiency and vehicle prices over time.
The study is organized as follows. Section 2 develops the dynamic optimization model
underlying the calculations, with the data described in Section 3. Scenarios regarding
assumptions on future development of travel demand and carbon efficiency for costs are
minimized are described in Section 4, and the results are presented in Section 5. The model
and results are discussed in Section 6, which also contains concluding remarks.
2. Conceptual Approach
The analysis consists of two main parts; minimization of cost for achieving given
emission reductions and assessment of associated distributional effects among the countries.
The structure of the dynamic optimization model is described in this section together with
the chosen measurements of distributional effects. Unless otherwise stated, all proofs are
found in Appendix A.
2.1. Dynamic Optimization Model
The minimum cost of CO2 reduction in emissions from light-duty vehicles by changing
the allocation of carbon intensive vehicles is calculated within a discrete time non-linear
dynamic programming model. The change is made from fossil fuel vehicles, F, that run
on either gasoline or diesel to hybrid, H, and electric, E, vehicles. There are a variety of
hybrid vehicles that utilize more than one form of energy. The most widely used are hybrid
gasoline and hybrid diesel that run on a combination of fossil fuel and electricity. They
mostly derive electricity either through an internal generation system, such as regenerative
braking, or through a plug-in charging system. Other types that could be considered hybrid
include semi-biofuel-driven vehicles. A simplification in this study is that all these varieties
of hybrid cars, defined as vehicles that run on a mix of fossil fuel and more than 5% biofuel,
semi-electric and semi-biofuel or semi-fossil fuel are classified as hybrid vehicles. Electric
vehicles are defined as battery-powered fully electric-driven vehicles. Vehicles that run
solely on electricity have zero exhaust emissions, but emission is dependent on the source
of electricity.
The stock of vehicles Vi,j,t in each country i = 1, 2, . . . , 28, in the EU and UK for
vehicle type j = F, H, E, at time t is determined by a constant depreciation rate di,j, which
differs among the countries and vehicle types, and the purchase of new vehicles NVi,j,t,





Vi,j,t + NVi,j,t (1)
where Vi,j,t = Vi,j,0 for t = 0.
The demand for travel KMi,t, is exogenous to the model and measured in the number
of kilometers traveled. The demand is expected to increase over time at different rates
in the EU countries and UK (EC, 2016), which is written as a country specific constant
annual rate of increase, 0 ≤ ωi < 0. It is assumed that the travel intensity measured as
kilometers travelled per vehicle, fi, differs among countries but is the same for vehicle
types, i.e., fi =
KMi,0
∑j Vi,j,0
. The restriction on the travel demand for each country and time
period is then written as:
fi ∑
j
Vi,j,t ≥ (1 + ωi)tKMi,0 (2)
Emissions of CO2 from travel in each country and period of time Ei,j,t is measured as




per vehicle fi,, and the number of vehicles per engine energy type, Vi,j,t. A technological
improvement in fuel efficiency in each country, i.e., in υi,j,t, is assumed where the emission
per kilometer is decreasing at an annual rate of αi,j, where 0 ≤ αi,j < 1. This assumption is
in line with the observed fuel efficiency increase of passenger cars in the EU in the last few
decades [19]. A simplification is made by assuming exogenous increases in fuel efficiency.
This is in contrast to the relatively large body of literature on endogenous development
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of the transport vehicles technology development occurs as a response to, among other
things, investment, demand generated by income growth and environmental regulatory
pressures (e.g., [20,21]), learning by research (e.g., [8]) and learning by doing (e.g., [22]).
The justification for this simplification is the calculation of costs only for car owners in
different EU countries to reach the CO2 emission targets, which are assumed to perceive
technological development as given. Total emission at time t, Et, is then the sum of emission






where vi,j,t = (1− αi,j)tvi,j,0 shows the emission per km in period t at the annual rate of
carbon efficiency αj by vehicle type j from period 0.
Within the EU, there are no targets for reductions in emissions specifically from light-
duty vehicles but only from the transport sector by 2050. Therefore, successive changes in
emission targets, ET , where T is the target year 2050, are made in order to derive an EU-UK
cost function for 2050. The emission constraint is written as:
ET ≤ ET (4)
The cost of reducing emission from fossil fuel vehicles through changes in the allo-




, which is calculated as decreases in consumer
surplus from the demand of NVi,j,t in the business-as-usual case. By assumption, the prices
in the BAU show consumers willingness to pay for each car type, which includes perceived
costs of driving the car, depreciation, etc. The cost from deviation from these prices and
quantities then reflects consumer losses from paying a higher price than willingness to pay
for hybrid and electric cars and from lost values in excess of the price for fossil fuel cars.
Changes in consumer surplus are estimated by assumption of linear demand functions,
which are derived from data on price elasticities, price and demand for NVi,j,t in the refer-
ence year t = 0. It is then assumed that the prices are given and that the demand function
in each country and for each vehicle type shifts according to changes in travel demand in
the business as usual.
The costs of new cars may change over time because of, among other things, the fall
in the price of electric cars due to improved batteries. Similar to technological change in









where 0 ≤ cj,t < 1 is the annual rate of change in the costs of passenger car. The cost
function is assumed to be continuous, decreasing and convex in its arguments. This is to
ensure that the second-order conditions of minimization are satisfied.
The decision problem is formulated as minimizing total cost in present terms, TC, un-
der restriction on travel demand and maximum emission, Equations (3) and (4) respectively,














Subject to Equations (1)–(5), where ρt = 1
(1+r)t
is the discount factor with the social
discount rate r, which is assumed to be the same for all countries. The properties of the



















where bi,j,t = vi,j,t
(
1− di,j
)T−t−1. The parameter θ ≤ 0 denotes the marginal cost of
achieving the emission target in year 2050, and γi,t ≥ 0 is the marginal cost of travel
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demand in each country and time period. According to Equation (7), a cost-effective
solution requires that marginal cost of an emission reduction in the target year is equal for
all countries and vehicles and amounts to θ. This implies that, ceteris paribus, car switches
are targeted towards reductions in vehicles with relatively large impacts on emission
reductions, i.e., large carbon emission per kilometer, as shown by the denominator at
the left hand side of Equation (7). When considering optimal timing of vehicle changes
there are two counter acting forces. The discount factor and the exogenous changes in
carbon efficiency and prices of non-fossil fuel cars favor delays of cars shifts since the cost
of and emissions from new cars decrease over time. On the other hand, the increasing
travel demand over time requires sufficiently early switches in order to obtain the emission
constraint, shown by the second term within brackets on the left hand side of Equation (7).
2.2. Distributional Effects
The cost-effective solutions will give rise to allocation of costs among countries, the
effects of which can be of concern for policy makers. For example, the allocation of emission
reductions in the effort sharing scheme for meeting the 2030 EU climate target accounts for
fairness [23]. The targets to be achieved are then divided among the countries according to
their GDP/capita where the emission target is relatively low for low income countries, and
vice versa. Several studies have shown that environmental taxation of cars and/or fuel is
in general progressive although some studies show regressive effects (see review in [11]). It
is common to measure existence and magnitude of regressivity/progressivity by the Suits
index, which relates the proportion of accumulated costs to proportions of accumulated
income for different groups [24]. The index is zero when costs are proportional to income,
it is negative when low income groups face proportionally large share of total cost, and
positive when the proportion of costs is relatively large for high income countries.
The calculation of the Suits index is based on the construction of Lorenz curves, which
relate the accumulated emission reduction cost shares to income shares for the counties.
Two different curves are illustrated in Figure 1 where the Y-axis shows accumulated
increasing cost shares and the X-axis is the accumulated increasing income shares. The
linear Lorenz curve shows a neutral allocation of costs when the Suits index is zero since the
share of the cost burden is the same as the share of total income at all levels. The nonlinear
curve illustrates a progressive allocation where low income groups pay a relatively low
share of the total cost.
Figure 1. Illustration of calculation of the Suits index.
The Suits index was calculated as the ratio between the area A in relation to the area
with a neutral allocation of costs, i.e., the area under the line that corresponds to 0.5 (i.e.,
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area A + area B). We then had that the Suits index corresponded to Area A/0.5, which gives
1 − AreaB/0.5 since Area A = 0.5 − Area B (see e.g., [11]). In this study Area B was calculated
as the sum of trapezoid areas of accumulated shares of income and costs for each country.
The Suits index may hide costs that are high in relation to income for some groups
(e.g., [14]). In order to examine this, we also calculated cost in relation to prosperity,
measured as income per capita, for the EU MS and UK.
3. Description of Data
In order to solve the numerical problem, data are needed on vehicles stocks and
depreciation, travel demand, CO2 intensity to calculate emissions and on discount rate, car
sales and prices to calculate costs in terms of reductions in consumer surplus over time.
The latest necessary data on these variables are available for 2018, which then constitutes
the base year. Given the EU climate targets to be achieved by 2050, this year was used as
the target year for emission reductions from light-duty vehicles. Unless otherwise stated
all data are found in Appendix B.
3.1. Car Fleet, Travel Demand and CO2 Emissions
The passenger car stock and number of new passenger cars were classified into fossil
fuel, hybrid and electric, and data were obtained from Eurostat [6,25]. In total, there were
almost 270 million passenger cars in the EU in 2018, of which 96% were fossil fuel-driven,
3.6% were hybrid and 0.2% were electric-driven passenger cars. Approximately 17 million
new vehicles were registered in the same year, but with higher shares of hybrid and electric
cars than for the stock, 3.8% and 0.9%, respectively.
Data on travel demand measured as kilometers driven and fuel consumption were
obtained from Eurostat [6,26]. The database does not cover annual average kilometers
traveled by passenger cars for all countries but are missing for approximately 40% of the
EU countries and a combination of data sources have therefore been used.
Data on emissions of CO2 from passenger cars per kilometer of travel is obtained from
EC [4] for fossil fuel cars (Appendix B Table A3). For electric cars, emission per travelled
kilometers depends on the sources of electricity production, which differ between the EU
countries. For example, a large part of the electricity production in Poland is based on coal
and in Sweden on hydropower. The emission levels are obtained from Aklilu [27] who
used Eurostat data of CO2 emission per kWh of gross electricity production for each EU-28
country multiplied by average electricity consumption per kilometer. The use of electricity
per kilometer depends on the type of car and reports from studies range between 0.145
and 0.20 kWh/km [28]. In the present study the average of 0.173 kWh/km was used. The
emission from hybrid cars depends on their operation in electric, fossil and bio fuel modes.
Due to a lack of data, it is simply assumed that the emission from hybrid cars corresponds
to the average of the emissions from the fuel and electricity cars in each country.
With respect to the depreciation rate of fossil fuel cars, it is calculated by the use
of data on average life time of registered cars [29], which ranges from 7 (Luxemburg) to
17 years (Latvia and Estonia). The average annual depreciation rates then varied between
0.06 and 0.15. The lifespan of electric passenger cars is mainly determined by the lifespan
of the battery. The commonly used battery in electric cars that is a lithium-ion battery with
a lifespan ranging from 5 to 15 years [30]. The average was taken and a depreciation rate of
10% was assumed. Hybrid vehicles were assumed to have a lifespan of 13 years, which
falls between fossil fuel and electric cars [31,32]. This implies that 7.69% of the hybrid car
stock is renewed every year.
With respect to travel demand, it is expected to grow in proportion to the growth of
income per capita. This implicitly assumes a unitary income elasticity of passenger travel
demand in line with the study by Kyle and Kim [33], and includes all types of travel by air,
train, bus and car. The increased demand for travel by passenger car for the different EU
countries is found in EC [4], which forecasts changes in demand from 2010 to 2050 based on
developments of income, implementation of different national and EU policies. Based on
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these predictions, we calculated percentage annual increase in travel demand for passenger
cars from 2018 to 2050. The average annual increase ranges from 0.21% (Greece) to 1.36%
(Malta). For EU as a whole, the average annual increase was 0.65%. The increase shifted
the derived demand functions and thereby changed in consumer surplus. It is quite likely
that the increases differ for the different car types. However, there is no information on the
income elasticity of the different car types and it is therefore assumed that the annual rates
of increase in each country is the same for all three car types and countries.
Emission per vehicle and kilometer driven has been decreasing as a result of reduced
energy consumption per kilometer traveled [34]. For electric cars, carbon emission intensity
depends on the allocation of energy sources for providing electricity. Carbon efficiency
in the transport sectors is expected to increase because of technical development and the
effect of different national and international policies. In this study, the predictions made by
EC [4] on carbon efficiency from 2020 to 2050 were used to calculate average annual rate
of increase. The calculated rate of increase in carbon efficiency varied between countries
with the lowest rate in Hungary and Luxemburg (0.6%) and the highest in Spain (1.1%).
EC [4] makes no distinction in energy efficiency among the vehicle types, and it is therefore
assumed that these rates are the same for all three vehicle classes.
Given all assumptions, the calculated total CO2 emissions in 2018 amount to 590 mil-
lion metric tons, which corresponds to 54% of total emissions from the transport sector in
2018 (1095 million metric tons) as reported by EEA [2]. This is below the share of emissions
from light-duty vehicles reported by EEA [2], which amounted to 60% of the emissions
from the transport sector. Five countries, France, Germany, Italy, Spain and UK, together
accounted for 65% of total emissions (Figure 2). The calculated total emissions in 2050
amounted to 534 million tonnes of CO2 in the member states of EU and UK, which corre-
sponded to a decrease in emissions of CO2 by 9% from the 2018 emission level. Emissions
decreased over time in most countries (Figure 2).
Figure 2. Calculated emissions from passenger cars in 2018 and predicted reference emissions in
2050 in the EU MS and UK.
Five countries (France, Germany, Italy, Spain and UK) accounted for approximately
2/3 of total emissions in both years. All these countries show a decline in emissions from
2018 to 2050, but the emissions from several other countries increase (Czech Republic,
Belgium, Bulgaria, Hungary, Ireland, Lithuania, Malta, Poland, Romania and Slovakia)
because of the predicted increase in travel demand.
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3.2. Costs and Interest Rate
Costs were calculated as changes in consumer surplus from deviations in the pur-
chases of new cars from the business-as-usual (BAU) level. Linear demand functions
were assumed, and changes in consumer surplus were calculated by means of data on
business-as-usual quantities and prices of new passenger cars, and the price elasticity of
the new passenger car demand. To the best of the authors’ knowledge, there was no study
with elasticity estimates for individual EU-28 countries disaggregated into each vehicle
type (see review in Graham and Glaister [35]). One study estimated price elasticities of the
different car types in Norway [36], the results of which will be used in the present study.
According to Fridström and Östli [36], the elasticities of the cars were; electric cars −0.99,
plug in hybrids −1.72, ordinary hybrids −0.97, diesel cars −1.27 and gasoline cars −1.08.
Since the present study makes no distinction between different types of hybrid and fossil
fuel cars, the averages of the price elasticities were used, which gave −1.35 for hybrids and
−1.14 for fossil fuel cars.
New vehicle price data were obtained from Aklilu [27] who reported the prices in
2016 euros. These prices were updated to 2018 prices using country specific consumer price
index [37]. In 2018, the average price of a passenger car inclusive of tax was approximately
29,600 euro for fossil fuel-driven cars, 39,700 for hybrid cars and 51,300 for electric cars. As
shown in Appendix A, this difference in price levels raises the cost in terms of changes in
consumer surplus of a shift from fossil fuel cars to the other cars.
Generally, the price of new passenger cars has been rising in the last decade. Prices
of hybrid and electric cars relative to fossil fuel cars rose in the early 2000s and since then
have on average been decreasing [19]. In the business-as-usual data in 2018, the average
EU relative price of hybrid cars to fossil fuel cars is about 1.34 and 1.73 for electric cars to
fossil fuel cars. It is assumed that the relative prices will approach 1 from 2030 onwards as
a result of investment in research, development and demonstration, plus learning-by-doing
(e.g., [8,38–40]). This assumption implies that the average annual price decrease of hybrid
cars and electric cars is 2.05% and 3.83%, respectively, which were used in this study.
The future cost of achieving emission reductions from passenger cars in the EU and
UK was discounted at 3%. This rate is similar to the one used by Bosetti and Longden [8],
but falls between the rates used in Stern [41] and Nordhaus [42], which extensively discuss
the ethics and consequences of the discount rate used in the economics of climate change
with intergenerational outcomes.
3.3. Emission Reduction Targets
The main focus in this study is on the emission target of a 60% reduction of the
emissions in 1990 from the transport sector to be achieved by 2050. According to EEA [1],
emissions from the transport sector in 1990 amounted to approximately 862 million metric
tons of CO2, which implies a maximum of 345 million metric tons of CO2 by 2050 for
the transport sector. Predicted reference emission from transports in 2050 amounts to
957 million tonnes [4]. The necessary reduction to achieve the target in 2050 is then 64%
from the transport sector. In a cost-effective solution, the reduction of emissions from
light-duty cars depends on the marginal abatement cost compared with other transport
modes (heavy-duty cars, aviation, shipping, etc.) Therefore, calculations of costs are made
for different levels of emission reductions from the projected level of 534 million tonnes
in 2050.
4. Scenarios on Future Travel Demand and Carbon Efficiency
Several assumptions were made regarding future development of travel demand and
carbon efficiency. In the reference scenario, costs were calculated for the assumed annual
rates of changes displayed in Appendix B Table A4. In addition, costs were calculated for
alternative scenarios on future development of these rates. The expected increase in travel
demand was regarded as an impediment to achieve emission reductions from the transport
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sector (e.g., [5]). Cost calculations were therefore made for a decrease by 50% in the rate of
increase in travel demand for all countries.
When electric vehicles are coupled with grid decarbonization, their emission reduction
potential can be further enhanced [43]. The increase in carbon efficiency in the electricity
production is higher than that in the transport sector in all EU member states and the
EU [4]. The average annual increase amounts to 0.017, which can be compared with the
annual rate of increase in the transport sector of 0.009. If the infrastructure for loading
electricity is improved at the same rate as the carbon efficiency in the electricity production
the carbon efficiency can increase at a higher rate for electric and hybrid cars than for fossil
fuel vehicles, in particular for countries with high reliance on fossil fuels for electricity
production. Therefore, the rate of increase in carbon efficiency in electric cars is assumed
to be the same as for electricity production in an alternative scenario. Similar to the
assumption for carbon efficiency level, it is assumed that the rate of increase for hybrid
cars corresponds to the average of that for electricity production and fossil fuel vehicles.
In addition to scenarios on separate changes in annual rates of demand and carbon
efficiency, costs are calculated for a combination of these two with decrease in travel
demand and increase in carbon efficiency. In total, calculations of costs were then made for
four different scenarios defined in Table 1.
Table 1. Description of scenarios for calculation of costs for different levels of reductions from the
reference level in 2050 (534 million tonnes of CO2).
Scenarios Description
Reference Decreases in emissions with annual rate of changes in traveldemand and efficiency as in Table A4
Travel demand decrease Decreases in emissions with a 50% lower increase in annualrate of travel demand increase for all countries
Carbon efficiency increase
Increase in carbon efficiency for electric cars with the same
rate as the decarbonization of the electricity production, and
half of that for the hybrid cars
Combination Combination of travel decrease and carbon efficiency increase
5. Results
5.1. Cost-Effective Solutions
The numerical dynamic optimization model is non-linear, includes 28 countries,
32 time periods and 3 different vehicles choices, which requires a powerful model system
for mathematical optimization. Therefore, the GAMS CONOPT solver [44] was used to
calculate minimum costs for different reduction levels in the reference emissions in 2050
of 534 million tonnes of CO2. The cost-effective allocation of annuals cost for different
emission reduction differed considerably among the four scenarios (Figure 3).
The difference in costs between the scenarios was mainly explained by the decrease in
emission in year 2050 in travel demand. A lower rate of increase in travel demand reduced
emissions in 2050 by 8.4% compared with the reference case. However, the composition of
vehicles shows a modest change with an increase of non-fossil fuel cars from approximately
3% to 7% because of the price reduction. The reduction in emission in the carbon efficiency
scenario was thus small, 0.5% from the reference level. The lower cost of emission reduction
in the scenario was explained by the higher increase in carbon efficiency in the electricity
sector compared with the transport sector.
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Figure 3. Annual cost of cost-effective reductions in emissions from passenger cars in the EU.
Common to all scenarios is the relatively rapid increase in costs at reduction levels
exceeding 40%, i.e., above 213 million tonnes. This level coincides with a proportional
reduction between the light and heavy duty cars for achieving the EU target of maximum
emissions from the transport sector of 345 million metric tons. The light duty vehicles
account for approximately 60% of the emission from transport, and a proportional reduction
would imply an emission target of 207 million tonnes. At this level, the annual cost ranged
between 23 and 103 million euro depending on scenario, which corresponded to 0.13%
and 0.60%, respectively, of the average annual predicted EU GDP. The upper level can be
regarded as relatively high when compared with the cost estimates of achieving the 2050
climate targets, which ranges from 0.1% to 0.9% of EU GDP [45].
The average reduction cost at the 40% emission reduction level varied between 106
and 484 euro/metric ton CO2 depending on the scenario. This can be compared with
the result obtained by Van Vliet [46], which shows that the average abatement cost using
hybrid and electric cars ranges from 400 to 1900 euros per metric ton of CO2. Kok et al. [7]
review studies of greenhouse gas mitigation in transport in the US and EU, and present the
cost of GHG abatement under cost-effectiveness to be approximately 400 euro/metric ton
of GHG in 2018 euro.
As expected, the annual costs increase over time because of the discount rate, travel
demand decreased and/or carbon efficiency increased at all emission reduction targets.
This is shown for the 40% emission reduction level in Figure 4.
Figure 4. Development of cost-effective paths of annual costs for achieving 40% reduction in CO2
emissions by 2050 under different scenarios.
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The curves in Figure 4 show the impacts of decreased travel demand, which not
only reduces cost because of ‘free of charge’ emission reduction, but also from a delay in
expenses compared with the references case. Such delay reduces cost in present terms.
A similar impact is obtained by increased carbon efficiency, which creates incentives for
delays in abatement to reach the target. Annual costs start to increase in year 22 in the
reference case and in year 27 in the combined scenario. This reflects expenses for the
increase in the share of non-fossil fuel cars, which increases from approximately 0.03 in the
start year to 0.72 of the total vehicle stocks in the reference case in the final year and to 0.56
in the combined scenario (Appendix B Figure A2) at the 40% emission reduction level.
5.2. Distributional Effects
With respect to the allocation of costs among countries, they are highest for countries
with relatively large emissions (Figure 5).
Figure 5. Costs for different EU member states and UK for cost-effective reduction of total emissions
by 40% under different scenarios, billion euro per year.
Five countries—Germany, the UK, France, Italy and Spain—account for approximately
2/3 of total costs in all scenarios. However, whether or not this allocation is regressive or
progressive depends on the relation to income. When the proportional allocation of costs
is low (high) for countries with low (high) share of total EU income, the cost allocation is
progressive (regressive). In general, regressive allocation of cost burdens is regarded as
unfair, which has guided the allocation of effort sharing commitments under the EU 2030
emission target (EC, 2011).
The results in the literature on the progressivity or regressivity of climate policies
in the transport sector are mixed (see reviews in [11,16]). A meta regression analysis of
studies on distributional effects of climate polices indicated that they are progressive in the
transport sector [47]. A common result from the reviews and meta regression analysis is
that the choice of reference point of the cost, annual income or lifetime income can affect
the outcome. Similar to the present study, several studies calculate costs as changes in
consumer surplus. Unlike this study, distributional outcomes are calculated for economic
instruments mainly on fuel. The changes in consumer surplus then include increases in
costs for actual fuel use and welfare loss from reductions in fuel use. The present study
includes only the welfare loss since charges/subsidies are regarded as transfer and not
as a social cost although it is a real cost for the car owner. Therefore, costs are related to
total income measured as GDP. For comparative purposes, costs are also related to annual
consumption expenditures), which is often used as a proxy for lifetime incomes. For both
reference bases, annual averages are calculated based on predictions from 2018 to 2050
(Appendix B Table A5). The calculated Suits index shows small differences between the
reference points and the scenarios (Table 2).
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Table 2. Calculated Suits index for cost-effective allocation of costs among EU MS and the UK for
40% emission reduction with consumption expenditures or income as references.
Reference Carbon Efficiency Travel Demand Combination
Expenditures −0.001 −0.037 0.001 −0.006
Income −0.004 −0.022 0.024 −0.002
The calculated Suits index shows that the cost-effective allocation is almost neutral, it
fluctuated between −0.037 and 0.024 depending on the scenario and reference point. It is
slightly progressive in the travel demand scenario since the reduction in the rate of increase
demand reduced the cost burden on relatively low income countries with high travel
demand increases. The regressive effect was highest for the carbon efficiency scenario
because of the assumed increases in the rate of decarbonization in high income countries
with large shares of the total income and costs.
The calculated Suits indices were relatively low in absolute terms when compared
with estimates of Suits index for gasoline tax in the US, which varied between −0.16
and −0.36 depending on population group [48]. The estimates are in line with some
results obtained by Sterner [11] for gasoline taxes in seven European countries, where
the Suits index for regressive outcomes within the countries ranged between −0.002 and
−0.178. The calculations in this study are also close to the results by Eliasson et al. [14]
who found a slight regressive climate tax on cars in Sweden, ranging between −0.03 and
−0.08 depending on the design of the tax.
The Suits index was much affected by the five countries with the largest emissions,
which accounted for approximately 2/3 of the total cost in all scenarios. This may hide the
distributional impacts as measured by the share of costs related to income or consumption
expenditures, which is shown for the reference scenario in Figure 6.
Figure 6. Costs as per cent of income and consumption expenditure related to GDP/capita in the
reference scenario.
The EU MS and UK average income as measured by GDP/capita amounted to
30.3 thousand euro, and the average cost share was 0.58% and 1.07% of total income
and consumption expenditures, respectively. The income in a majority of the countries
(17) is below the average EU and UK GDP/capita. The lowest income levels are found
in Bulgaria and Croatia and the highest in Ireland and Luxemburg. Both reference points
show the same pattern; low income countries as measured by GDP/capita have a dispro-
portionally high share of costs. Both highest and lowest cost shares are found at incomes
below the average. When consumption expenditure is the reference point, the cost can
reach 3.2% and several countries face higher cost shares than the EU and UK average
of 1.07%.
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6. Discussion and Conclusions
This study estimated the minimum cost of reducing CO2 emission in 2050 from
passenger cars in the EU MS and UK. As such, eventual transaction costs of implementing
policies to reach the emission reductions were not included, such as costs for land use
planning (e.g., [49]). Costs were measured as changes in consumer surplus from the
reference emission. A numerical dynamic cost minimization model was constructed,
which allowed for country specific annual changes in travel demand, carbon efficiency
and decrease in prices of hybrid and electric cars. Such a numerical model has not been
constructed before. The minimum cost in the reference case amounted to 103 billion euro,
which corresponded to approximately 0.6% of total EU GDP in 2018. The costs were
reduced considerably, to 0.13% of total EU GDP, when the increase in travel demand was
reduced by one half, and when carbon efficiency by electric cars increased at the same rate
as decarbonization of electricity production. Cost allocations for cost-effective solutions to
an emission reduction by 40% were slightly regressive in most cases but progressive with
lower annual increase in travel demand.
The cost estimates were sensitive, not only to assumptions on development of travel
demand and carbon efficiency, but also to the chosen parameter values on interest rate and
price decreases on electric and hybrid cars. A decrease in the interest rate from 3% to 2%
raises the total cost by approximately 30% with small differences between the scenarios
(Table 3).
Table 3. Effects on costs of 40% CO2 reduction of reductions in the discount rate, price of new cars
and car price elasticities by 30% each, change in %. Source: Appendix B Table A6.
Reference Carbon Efficiency Travel Demand Combination
Discount rate 32.21 31.65 31.62 30.07
Car price −27.68 −25.05 −25.57 −21.98
Price elasticity 42.87 42.86 42.87 42.88
A 30% higher rate of decrease in prices of non-fossil fuels reduced total cost between
17 and 22% depending on scenario, and a reduction in the price elasticity of cars by 30%
increased costs by approximately 43% in all scenarios.
Factors not included in the study will also affect the results, such as transfer of firms’
costs for technological development to customers. Such transfer can increase the price of
passenger cars, while technology development itself has price-reducing effects. Another
crucial assumption is that on given car prices and developments in carbon efficiency. EU
motor vehicle manufacturers account for approximately 25% of the global sales of new
cars, with almost 30% of the production in the EU exported to non-EU countries [50]. The
imported share of sales of new vehicles is approximately 23%. Market prices are therefore
likely to respond to the switch from fossil fuel to hybrid and electric cars. Neglect of these
adjustments implies an overestimation of the cost of reducing demand for fossil fuel cars if
the price is reduced. However, the costs of hybrid and electric cars are underestimated if the
increase in demand results in higher prices. The magnitude of these impacts is determined
by the EU passenger car market, which is characterized by oligopolistic competition with
product differentiation that might give little room for demand change to affect prices [51].
Another assumption was that the elasticity is the same across the EU-27 countries and
UK for each of the car types due to a lack of studies that estimate the price elasticity of
passenger cars for each country and vehicle type. However, in reality, the price elasticity
of passenger car demand may be different across the three types of vehicles, and future
studies using disaggregated elasticities may improve the precision of the calculated cost.
Despite all shortcomings of the numerical model, the cost estimates are relatively close
to the results from other studies at the 40% reduction level in emissions from passenger
cars, which corresponds to its share of the EU reduction requirement in the transport
sector. A new result is the differences in cost burdens among countries, which ranges
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between 0.2% and 3.2% of consumption expenditures. This may be an impediment for
the implementation of a cost effective emission reduction at the EU level. The variation
is smaller for the five countries with the highest emissions, which may facilitate vehicle
transformation in these countries. The results also indicate that the costs increased rapidly
for higher reduction in emission from passenger cars. The cost increased by at least 200%
in all scenarios when the reduction requirement increased from 40 to 50%. This raises the
question if it is less costly to reduce emissions from light-duty vehicles than to reduce
emissions by a higher level from heavy-duty cars or other transport modes to obtain the
overall reduction of 60% for the transport sector without serious distributional effects?
A response to this requires cost-effectiveness and equity analysis of the entire transport
sectors, which remains to be made.
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Appendix A. Derivation of Cost Functions and First-Order Conditions
Appendix A.1. Cost Functions
The cost function is defined as the change in consumer surplus from the BAU level of
new cars, which is illustrated in Figure A1.
Figure A1. Illustration of calculations of changes in consumer surplus.
The curve D illustrates the inverted demand for NV, and PBAU and NVBAU are the
BAU levels of the price and NV respectively. The deviations from NVBAU can be either
positive or negative. The reduction in consumer surplus from the reduction to NV′ is
shown by the area denoted a, and the reduction at a higher level than NVBAU is illustrated
by the area b.
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In order to derive the consumer surplus, a linear demand of vehicles was assumed as:
NVi,j = ai,j − bi,jPi,j (A1)
where ai,j is the intercept term of the demand curve and bi,j is the slope. The intercept and





where εi,j is the price elasticity of vehicle demand, and NVBAUi,j and P
BAU
i,j are the observed
number of vehicles and price with business as usual at the beginning of the policy period.


















The change in consumer surplus, CS, is calculated by integrating the inverse de-

























The consumer surplus change for each vehicle type in each of the EU-28 countries in









When calculating the impact on costs of increases in travel demand, the demand
function is assumed to have an unchanged slope evaluated at the BAU price and vehicle
demand levels, and to shift outwards because of the increased demand. The BAU demand
level thus increases at the same rate as the increase in income. The coefficient in the inverted
demand function, 1/bi,j, is then obtained from Equation (A2), which gives the change in









Appendix A.2. First-Order Conditions
The optimization problem in Equation (6) is solved by constructing the Lagrange
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where θ ≤ 0 and γi,t ≥ 0 are the Lagrange multipliers on the emission and travel demand
constraints, respectively. In order to facilitate calculations and interpretations of the model





(1− di,j)τ NVi,j,t + (1− di.j)tVi,j,0 (A9)





















γi,τ fi = 0 (A10)
∂L
∂θ





fiVi,j,t −KMi,0 = 0 (A12)
Equation (A10) establishes that the marginal cost of a new passenger car type, the first
expression on the right-hand side of (A10) in brackets, is equal to the marginal impact on the fu-
ture emission target and on the contribution to current and future travel demand. The marginal




shows the impact on emissions at time T from a marginal increase in NVi,j,t weighted with
the shadow cost, θ, of the emission constraint. A low depreciation rate di,j and/or low fuel
efficiency improvement αi,j gives a relatively large impact and vice versa. Similarly, the




which is interpreted as the contribution of a marginal NVi,j,t to current and future travel
demand with an annual weighting by the Lagrange multiplier γi,τ .
Cost-effectiveness implies that the marginal cost of vehicles is the same for all countries
and vehicle types in 2050 and equals θ, which is derived from Equation (A9).
Appendix B.
Table A1. Passenger car stock and number of new passenger cars in 2018.
Passenger Car Stock Number of New Passenger Car
Country Fossil Fuel Hybrid Electric Fossil Fuel Hybrid Electric
Austria 4951.00 6.17 20.83 333.00 4.04 3.96
Belgium 5800.00 43.76 9.24 549.00 4.24 3.76
Bulgaria 2740.20 30.13 2.67 244.63 11.98 1.40
Croatia 1600.00 65.54 0.46 138.00 9.18 1.82
Cyprus 549.00 7.89 0.11 18.00 22.97 0.03
Czechia 5728.00 16.52 2.48 246.62 12.07 0.30
Denmark 2583.00 0.96 10.04 213.00 3.32 1.68
Estonia 743.00 1.75 1.25 26.00 0.92 0.08
Finland 3457.00 10.50 2.50 118.00 1.22 0.78
France 31,447.59 471.41 115.00 2104.00 3.06 30.95
Germany 46,984.00 27.83 83.18 3253.00 145.94 36.06
Greece 5173.07 57.55 4.38 304.36 14.90 1.74
Hungary 3576.00 61.16 3.84 280.00 13.01 1.99
Ireland 2140.00 37.39 4.61 119.00 7.75 1.25
Italy 35,644.00 3361.84 12.16 1787.98 a 141.03 a 15.00 a
Latvia 656.00 130.56 0.44 16.00 0.92 0.08
Lithuania 1313.00 116.04 0.97 166.00 2.66 0.34
Luxembourg 411.00 2.64 1.36 49.02 2.56 0.42
Malta 377.00 22.32 0.68 19.00 0.96 0.04
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Table A1. Cont.
Passenger Car Stock Number of New Passenger Car
Country Fossil Fuel Hybrid Electric Fossil Fuel Hybrid Electric
Netherlands 8427.48 95.55 6.98 403.00 3.04 7.96
Poland 19,706.00 3719.98 3.02 1219.00 a 115.78 a 1.22 a
Portugal 5216.00 56.02 9.98 221.00 79.54 4.46
Romania 6350.00 190.90 1.10 126.00 3.00 1.00
Slovakia 2293.54 25.65 1.80 160.24 7.85 0.91
Slovenia 1126.00 15.61 1.39 71.00 2.48 0.52
Spain 24,082.00 765.92 26.08 1390.00 22.71 11.29
Sweden 4598.00 254.34 16.66 353.00 4.85 7.15
United Kingdom 31,100.07 361.60 55.34 2325.00 0.42 15.58
Total 258,771.90 9957.50 398.55 17,047.00 642.40 151.75
a year 2019; Source: Eurostat [25,26].
Table A2. Traffic load per passenger car in kilometers and emissions of CO2 kg/km for different
vehicle types in 2018.
Country Km Per Passenger Car CO2 kg/km;Fossil Fuel d Hybrid e Electric a
Austria 16,431 0.404 0.213 0.022
Belgium 17,560 a 0.255 0.145 0.035
Bulgaria 14,937 a 0.156 0.134 0.112
Croatia 15,363 0.262 0.158 0.053
Cyprus 10,915 a 0.353 0.244 0.135
Czechia 13,567 0.333 0.223 0.114
Denmark 26,375 0.299 0.187 0.076
Estonia 14,773 a 0.221 0.212 0.204
Finland 19,268 0.237 0.143 0.049
France 23,634 0.200 0.106 0.012
Germany 19,593 0.294 0.193 0.092
Greece 10,047 b 0.204 0.159 0.115
Hungary 17,563 0.301 0.187 0.074
Ireland 23,159 a 0.242 0.160 0.078
Italy 18,527 0.228 0.140 0.052
Latvia 19,385 0.230 0.142 0.055
Lithuania 21,062 0.261 0.164 0.066
Luxembourg 9666 a 1.503 0.763 0.022
Malta 10,412 a 0.184 0.160 0.135
Netherlands 16,260 0.212 0.153 0.095
Poland 9105 0.216 0.200 0.184
Portugal 13,857 a 0.229 0.139 0.049
Romania 9756 a 0.321 0.196 0.070
Slovakia 16,786 a 0.180 0.109 0.035
Slovenia 8935 0.420 0.240 0.059
Spain 12,766 0.673 0.358 0.042
Sweden 12,040 c 0.312 0.160 0.008
United Kingdom 21,180 0.229 0.139 0.048
Sources: Eurostat [25,26]; a Aklilu [27], b Odyssee-Mure [52], c Transport Analysis [53]; d Calculated from EC [4];
e Assumption of equal division of fossil fuel and electric cars.
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Table A3. Average passenger car price inclusive of tax in euros per vehicle energy type, thousand
euro in 2018.
Fossil Fuel Hybrid Electric
Austria 31.249 40.600 49.282
Belgium 28.349 38.765 49.667
Bulgaria c 29.987 40.041 51.561
Croatia c 29.333 39.168 50.438
Cyprus c 29.141 38.911 50.107
Czechia c 29.907 39.933 51.423
Denmark 36.374 46.071 57.326
Estonia c 30.569 40.818 52.563
Finland 32.467 44.272 57.209
France 26.591 38.029 51.510
Germany 32.303 42.045 54.553
Greece 22.367 32.983 45.561
Hungary c 30.082 40.167 51.724
Ireland 27.102 35.512 46.698
Italy 23.901 33.052 44.162
Latvia c 30.160 40.271 51.859
Lithuania c 30.441 40.647 52.342
Luxembourg 34.753 43.276 53.945
Malta c 29.302 39.127 50.384
Netherlands 28.738 39.830 52.016
Poland c 29.699 39.656 51.066
Portugal 28.145 38.252 50.400
Romania c 30.299 40.458 52.098
Slovakia c 29.680 39.630 51.033
Slovenia c 29.489 39.376 50.705
Spain 26.145 36.054 48.147
Sweden 33.195 42.505 54.148
United Kingdom 31.248 42.164 54.664
Note: c indicates countries for which price information was not available. EU averages are used instead. Source:
Aklilu [27] and updated to 2018 prices (World Bank [37]).
Table A4. Annual rate of increase in travel demand, carbon efficiency in the transport sector,










Austria 0.006 0.008 0.122 0.012
Belgium 0.007 0.006 0.111 0.006
Bulgaria b 0.005 0.006 0.067 0.020
Croatia b 0.007 0.008 0.081 0.017
Cyprus b 0.009 0.010 0.067 0.012
Czechia b 0.012 0.008 0.071 0.020
Denmark 0.007 0.009 0.114 0.018
Estonia b 0.005 0.009 0.060 0.019
Finland 0.003 0.009 0.083 0.018
France 0.005 0.009 0.111 0.017
Germany 0.003 0.010 0.105 0.017
Greece 0.002 0.008 0.064 0.021
Hungary b 0.012 0.007 0.070 0.018
Ireland 0.012 0.007 0.119 0.016
Italy 0.004 0.007 0.088 0.017
Latvia b 0.004 0.009 0.077 0.008











Lithuania b 0.003 0.008 0.059 0.017
Luxembourg 0.002 0.006 0.156 0.012
Malta b 0.014 0.007 0.093 0.006
Netherlands 0.005 0.010 0.094 0.012
Poland b 0.011 0.009 0.072 0.020
Portugal 0.008 0.008 0.078 0.021
Romania b 0.011 0.008 0.061 0.021
Slovakia b 0.009 0.007 0.074 0.017
Slovenia b 0.007 0.009 0.099 0.021
Spain 0.009 0.011 0.081 0.020
Sweden 0.006 0.009 0.101 0.010
United Kingdom 0.007 0.009 0.125 0.015
a Calculated from Appendix 2 in EC [4]; b Based on the average age of cars (Statista [29]).
Table A5. GDP, consumption expenditures, annual rate of increase in GDP and consumption
expenditures from 2018 to 2020, and GDP/capita in 2018 euro.










Austria 385 200 0.0152 0.0134 43.60
Belgium 460 238 0.0187 0.0135 40.29
Bulgaria c 56 34 0.0135 0.022 8.00
Croatia c 52 30 0.0159 0.0199 12.70
Cyprus c 21 14 0.0228 0.015 24.63
Czechia c 211 100 0.0168 0.0191 19.85
Denmark 302 141 0.0184 0.0169 52.19
Estonia c 26 13 0.0131 0.0216 19.66
Finland 233 124 0.0157 0.0143 42.37
France 2360 1272 0.0162 0.0135 35.10
Germany 3356 1755 0.0091 0.0142 48.48
Greece 180 124 0.012 0.0131 16.76
Hungary c 136 67 0.0166 0.0186 13.91
Ireland 327 99 0.0161 0.0214 67.27
Italy 1771 1066 0.0142 0.0124 29.30
Latvia c 29 17 0.0138 0.0023 15.13
Lithuania c 45 28 0.0092 0.0021 16.24
Luxembourg 60 19 0.0274 0.0127 98.64
Malta c 13 5 0.0188 0.0191 25.94
Netherlands 774 341 0.0124 0.0153 44.92
Poland c 498 290 0.016 0.02 12.96
Portugal 205 132 0.0109 0.016 19.95
Romania c 204 138 0.0158 0.02 10.50
Slovakia c 90 50 0.0159 0.022 16.44
Slovenia c 46 24 0.0139 0.017 22.13
Spain 1204 700 0.0144 0.015 25.77
Sweden 471 215 0.0212 0.0173 46.26
United
Kingdom 2420 1566 0.0177 0.0139 36.44
a Eurostat [54]; b Eurostat [55]; c EC [4]; d Eurostat [56].
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Table A6. Sensitivity analysis with cost estimates for reaching 40% emission reductions by 2050 with







No changes 4024 2291 1768 1124
Discount rate reduced
from 0.03 to 0.03 5320 3016 2327 1462
Price decrease by 30% 2910 1717 1316 877
Decrease in car price
elasticity by 30% 5749 3273 2526 1606
Figure A2. Hybrid and electric vehicles in cost-effective solutions under different scenarios at 40%
CO2 emission reduction, share of total vehicle stock.
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